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The bHLH-PAS transcription factor SIM1 is required for the development of neurons of the anterior hypothalamus (AH). In order to dissect
this developmental program, we compared gene expression in the AH of E12.5 Sim1+/+ and Sim1−/− littermates using an oligonucleotide-based
microarray. Our analysis identified 48 genes that were downregulated and 8 genes that were upregulated. We examined the expression pattern of
10 of the identified genes – Cart, Cbln1, Alcam, Unc-13c, Rgs4, Lnx4, Irx3, Sax1, Ldb2 and Neurod6 – by in situ hybridization in E12.5
embryos. All of these genes are expressed in domains that are contained within that of Sim1 and their expression is changed in Sim1−/− embryos as
predicted by the microarray analysis. Classical dating studies have established that the hypothalamus follows an “outside–in” pattern of
neurogenesis, with neurons of the lateral hypothalamus being born before the medial ones. Analysis of the genes identified in this microarray
study showed that the developing AH is characterized by different layers of gene expression that most likely correspond to distinct waves of
neurogenesis. In addition, our analysis suggests that Sim1 function is required for the production or the survival of postmitotic neurons as well as
for correct positioning of AH neurons.
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The anterior hypothalamus (AH) is composed of small nuclei
interspaced between less defined regions. A great body of work
involving physiological and genetic studies has assigned
specific functions to these nuclei and regions. In particular,
much attention has been paid to the paraventricular (PVN) and
supraoptic nuclei (SON), which play a major role in the
regulation of pituitary hormone secretion. In contrast, little is
known about how neurons of the AH are specified and wired.
Recently, a cascade of transcription factors has been shown to
control the differentiation of several group of neurons located in
the dorsal aspect of the AH in mice (Caqueret et al., 2005a). The
bHLH-PAS transcription factor SIM1 and its dimerizing partner
ARNT2 are required for the differentiation of: (1) virtually all
neurons of the PVN and SON, including those producing TRH,
CRH, OT and AVP; (2) SS parvocellular neurons of the anterior
periventricular nucleus, which is located anterior to the PVN;⁎ Corresponding author. Fax: +1 514 345 4766.
E-mail address: jacques.michaud@recherche-ste-justine.qc.ca
(J.L. Michaud).
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doi:10.1016/j.ydbio.2006.06.019and (3) other populations of hypothalamic TRH neurons found
in lateral areas and the preoptic region (Michaud et al., 1998,
2000; Hosoya et al., 2001; Keith et al., 2001).
The homeodomain-containing OTP acts in parallel with
SIM1:ARNT2 for the differentiation of the same cell types
(Acampora et al., 1999; Wang and Lufkin, 2000). SIM1:
ARNT2 and OTP control the differentiation of two popula-
tions of neurons through distinct pathways. First, they both act
upstream to maintain the expression of the POU-domain
BRN2, which, in turn, is required for the differentiation of
CRH-, AVP- and OT-producing cells of the PVN/SON (Nakai
et al., 1995; Schonemann et al., 1995). Second, SIM1:ARNT2
and OTP are required for Sim2 expression in the developing
hypothalamus (Schonemann et al., 1995; Nakai et al., 1995).
In the absence of Sim2, a majority of SS cells of the anterior
periventricular nuclei and of TRH cells of the PVN, lateral
areas and preoptic region do not develop (Goshu et al., 2004).
These studies have also provided some evidence that the
different PVN/SON cell types have distinct spatial origins
since Sim2 is expressed in a domain more anterior than that of
Brn2 during hypothalamus development (Goshu et al., 2004).
Of note, a group of neurons leave the presumptive PVN region
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the SON. A scheme representing the different positions of the
nuclei mentioned above is shown in Fig. 1A.
Because it is required for the development of several groups
of neurons of the AH, Sim1 represents an interesting reference
point to further dissect the developmental program of this region.
In order to characterize this program in more detail, we
compared the transcriptomes of the AH of E12.5 Sim1+/+ and
Sim1−/− embryos and identified several downstream genes.
Classical dating studies have established that the hypothalamusfollows an “outside–in” pattern of neurogenesis, with neurons of
the lateral hypothalamus being born before the medial ones
(Altman and Bayer, 1978; Markakis, 2002). Analyzing the
expression of genes identified in our transcriptome study, we
found that the developing hypothalamus is characterized by
different layers of gene expression that most likely correspond to
distinct waves of neurogenesis. In addition, our analysis suggests
that Sim1 function is required for the proliferation or survival of
progenitors as well as for correct positioning of PVN neurons.
Methods
Mice and embryos
Genotyping of the Sim1− and Sim1tlz alleles has been previously described
(Michaud et al., 1998; Marion et al., 2005). Mice were maintained on a C57BL6/
129Sv mixed background. For dissection of the AH region, heads of E12.5
embryos were first split on the midline and the two halves of the brain were
isolated from the rest of the head. The AH region was isolated from these
bisected brains with three cuts, as shown in Fig. 1. The two AH samples from a
single embryo were pooled, frozen on dry ice and conserved at −80°C.
Microarray studies
For microarray studies, each Sim1−/− AH sample was paired with a Sim1+/+
AH sample from the same litter. Total RNAwas isolated with the Picopure RNA
Isolation kit (Arcturus). Quality of RNA preparation was verified using an
Agilent Bioanalyzer 2100. Two cycles of linear amplification were performed
using the GeneChip Two-Cycle Target Labeling kit (Affymetrix). The
generation of cDNA, production of labeled cRNA and hybridization to
GeneChip arrays were all performed on the same day, according to standard
protocols provided by the manufacturer (Affymetrix). The analysis of
microarray data was performed using the MAS5 – mean scale normalized –
method. This method involves background correction, calculation of a detection
call using the mismatch probe cells and a one-step Tukey's Biweight algorithm
to average the probe values. The probe set intensities are then normalized by
equating the mean intensity across all genes of each array. The NetAffx Centre
database (Affymetrix) was used to correlate our results with the microarray
genes annotations.
BrdU labeling, TUNEL assay, LacZ staining and in situ hybridization
BrdU (50 μg/g; Sigma) was administered intraperitoneally to E10.5, E11.5
or E12.5 pregnant mice. Embryos were collected at E12.5, fixed in a solution
containing 60% methanol, 30% chloroform and 10% acetic acid, embedded inFig. 1. Microarray analysis of the anterior hypothalamus of Sim1+/+ and Sim1−/−
embryos. (A) Scheme representing major cell groups of the anterior
hypothalamus. AHn: anterior hypothalamic nucleus; aPV: anterior periventri-
cular nucleus; LHA: lateral hypothalamic area; PVN: paraventricular nucleus,
SCh: suprachiasmatic nucleus; SON: supraoptic nucleus. (B) Landmarks used for
the dissection of the anterior hypothalamus of E12.5 embryos. Whole-mount in
situ hybridization showing the expression domain of Sim1 (red arrow) in a
bisected head of an E12.5 Sim1+/− embryo. The prospective PVN occupies the
dorsal and posterior quadrant of this domain. The black lines indicate the
passages of the knife. (C) Microarray analysis of the transcriptomes of the AH of
E12.5 Sim1+/+ and Sim1−/− embryos. Normalized scatterplot representing the
hybridization signal for the 39,000 transcripts present on the MOE 430 2.0 array
comparing the results for two Sim1+/+ and two Sim1−/− littermate embryos. Each
plotted point corresponds to a probe set. The green plotted points represent probes
for which there is at least a twofold change in expression. Our analysis identified
48 genes that were downregulated and 8 genes that were upregulated. The three
red highlighted plotted points correspond to Sim1, Sim2 and Trh, three genes
which expression was expected to be downregulated in the AH of Sim1 mutant
embryos.
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nohistochemistry was performed as described by the manufacturer (Zymed
Laboratories Inc). Quantification of BrdU incorporation was performed by
measuring the total intensity of the signals in the Sim1 domain of expression on
every 4 sections, using the software Image Pro. The Sim1 domain was revealed
by in situ hybridization performed on adjacent sections. Statistical analysis was
performed with the unpaired t test. For TUNEL assay, E11.0, E12.0 or E14.5
embryos were fixed in 3.7% formaldehyde, embedded in paraffin and sectioned
at 6 μM. Apoptotic cells were detected using the Neuro Tacs II kit (R&D
systems). LacZ staining was performed as previously described (Marion et al.,
2005).
For in situ hybridization, embryos were fixed in Carnoy's fluid, embedded in
paraffin and sectioned at 6 μM. In situ hybridization was performed as pre-
viously described (Fan et al., 1996). Each comparison of markers on adjacent
sections was done at least three times. The Sim1 probe used in this study
corresponds to a 1.2-kb sequence located 3′ to the disrupted region, thus
allowing hybridization to both the wild-type and mutant transcripts (Michaud et
al., 1998). The Brn2 and Trh probes were previously described (Michaud et al.,
1998). The Nkx2.2 probe was a generous gift from J.L. Rubenstein (UCSF,
California). The Otp, Lnx4, Rgs4, Neurod6, Ldb2, Cart, Cbln1, Irx3, Sax1 and
Unc13c probes were generated by RT-PCR, using total RNA isolated from
E18.5 mouse brains. Primer sequences were deduced from mouse mRNA
sequences deposited in Genbank and are available upon request. The Alcam
probe was purchased from ATCC bioproducts (MGC27910 clone).
Results
Gene expression profiling of the developing anterior
hypothalamus
This study is centered on the region of the AH that is defined
by the domain of Sim1 expression; it should be underlined that
Sim1 is not expressed in the most ventral aspect of the AH.
Postmitotic cells of the AH are generated between E10.5 and
E12.5 in mice (Karim and Sloper, 1980). In the developing AH,
Sim1 expression appears to be restricted to the mantle layer,
starting at E10.5, when the first newly born cells arise (data not
shown). In the absence of Sim1, these cells are generated, as
shown by the expression of the Sim1 mutant transcript as well
as of Brn4, Nkx2.2, Uncx4.1 and Otp in the mantle layer of
E12.5 Sim1−/− embryos, but do not terminally differentiate
(Michaud et al., 1998; Acampora et al., 1999) (data not shown).
Dual labeling studies have previously shown that Brn2 and
Brn4 are co-expressed in prospective PVN neurons (Schone-
mann et al., 1995). The fact that the expression of Brn2, but not
that of Brn4, is decreased in E12.5 Sim1 mutants suggests that
Sim1 is specifically required for the maintenance of Brn2
expression.
In order to further dissect the function of Sim1 during
development of the hypothalamus, we compared gene expres-
sion in the AH of E12.5 Sim1+/+ and Sim1−/− littermate em-
bryos. This stage precedes the phase of terminal differentiation
of PVN/SON neurons, which is completed between E13.5 and
E15.5 (Michaud et al., 1998). As mentioned above, Sim1
functions in the AH of E12.5 embryos, at least in their PVN/SON
prospective neurons. We developed a microdissection procedure
that permits the isolation of the AH region at E12.5, 80% of
which being occupied by the Sim1 expressing domain (Fig. 1B).
AHRNAswere analyzed using the commercial oligonucleotide-
based MOE430 2.0 array, which is composed of 45,000 probe
sets representing 39,000 transcripts. We compared the tran-scriptome of three Sim1+/+ embryos with that of three Sim1−/−
littermates. Starting with transcripts that were detected as
“present” in the three experiments in at least one of the two
Sim1 genotypes, we selected genes using the following criteria:
(1) an unambiguous hybridization signal and a normalized
expression level of 200 or more in all the control samples, as
determined by the MAS5 method; and (2) a change of
expression of at least two-fold with a P value of <0.05. For
one Sim1−/− sample, the relative expression level for genes
meeting these criteria was intermediate between those of Sim1+/+
samples and of the other Sim1−/− samples. DNAs corresponding
to the six samples were genotyped again using this time Southern
blot analysis instead of PCR. We confirmed all the genotypes
except that of the Sim1−/− sample with the intermediate values,
which was actually heterozygous. This sample and its paired
Sim1+/+ sample were discarded, and the analysis was performed
with the other four samples. A set of 63 probes fulfilled the
criteria, representing 32 known and 24 unknown genes. The
expression of 48 and 8 genes was found to be decreased or
increased, respectively, in the AH of Sim1−/− embryos compared
to that of littermate controls (Fig. 1C; Tables 1 and 2).
The expression of three genes, Sim1, Trh and Sim2,
previously shown to be decreased in the AH of E12.5 Sim1−/−
embryos, was found to be downregulated in our microarray
screen, providing some validation of the results (Fig. 1C; Tables
1 and 2). In order to further validate the analysis, we used in situ
hybridization to compare the expression of 10 other genes
identified through the screen in Sim1+/+ and Sim1−/− embryos.
These genes were selected because their expression appears to
be more sensitive to Sim1 than the other genes and/or because
they code for potential regulators of hypothalamus development
or function. The expression of all downregulated genes – Lnx4,
Rgs4, Unc13c, Alcam, Cart, Cbln1, Ldb2, Neurod6 – that we
selected for validation was detectable in the AH of E12.5
Sim1+/+ embryos, in domains that were contained within that of
Sim1, and was decreased in Sim1−/− embryos (Fig. 2). Two other
genes – Irx3 and Sax1 – that we selected for validation were
found to be upregulated in our microarray analysis (Fig. 2). The
expression of these genes was not detectable in the hypothala-
mus of E12.5 Sim1+/+ embryos but was increased in mutant
embryos. Altogether, these studies provide validation of the
results of the screen.
Molecular characterization of the developing anterior
hypothalamus
In order to correlate gene expression in the embryonic AH
with the subsequent development of its different regions, we
compared the expression of 15 markers, including some of those
generated in this microarray screen as well as others previously
characterized. We found that most of these markers can be
classified into three main groups based on the mediolateral
extent of their expression in the mantle layer of E12.5 AH: (1)
Brn2, Nkx2.2 and Brn4 are expressed in medial domains,
immediately adjacent to the ventricular layer; (2) Rgs4, Sim2,
Cbln1, Cart, Alcam, Unc13c, Ldb2 and Trh are expressed in
lateral domains that do not overlap, or show limited overlap,
Table 1
Decreased transcripts in the anterior hypothalamus of E12.5 Sim1−/− mouse
embryos
Description Genbank
accession
no.
Experiment
1
Experiment
2
Fold
KO/
WT
WT KO WT KO
Decreased transcripts
Thyrotropin releasing
hormone (Trh)
NM_009426 181 8 276 8 29.0
LIM domain binding 2
(Ldb2)
BB097063 203 43 251 12 8.0
Activated leukocyte cell
adhesion molecule
(Alcam)*
AV315205 604 119 543 72 6.0
Ligand-of-numb protein-X
4 (Lnx4)
AV174487 880 154 844 200 4.2
Unc-13 homolog C
(Unc13c)
BQ175902 556 126 456 112 4.2
Cocaine and amphetamine
regulated transcript
(Cart)
NM_013732 1900 668 1582 197 4.0
Neurogenic differentiation
6 (Neurod6)
NM_009717 229 60 183 64 3.3
Regulator of G-protein
signaling 4 (Rgs4)
NM_009062 2919 923 2546 926 3.0
Cerebellin 1 precursor
protein (Cbln1)*
AA016422 2482 924 2043 627 2.9
Retinoid X receptor gamma NM_009107 503 178 387 133 2.9
Single minded 1 (Sim1) NM_011376 5082 2025 5162 1627 2.8
Myosin VIIA and Rab
interacting protein
BB429683 605 247 621 200 2.7
Glutamate receptor
ionotropic AMPA1-
alpha1
BQ175316 423 194 475 154 2.6
RAR-related orphan
receptor alpha
BI660199 228 74 256 123 2.5
Solute carrier family 35
member F3
BB427860 237 93 223 91 2.5
Hexokinase 2 NM_013820 1390 633 1527 560 2.4
Single minded 2 (Sim2) D633383 327 184 359 102 2.4
Leucine-rich repeat LGI
family member 2
BM118120 773 286 602 291 2.4
Leucine-rich repeats and
calponin homology
domain containing 1
BB755336 290 108 257 117 2.4
Transmembrane and
coiled coil domains 3
BB771888 2721 1272 3165 1192 2.4
Early endosome antigen 1 AW556344 472 155 376 208 2.3
Neurexophilin 1 BB274960 530 230 516 245 2.2
Dihydropyrimidinase-
like 2
BB481761 297 152 336 141 2.2
Discs large (Drosophila)
homolog associated
protein
BQ174338 398 196 361 174 2.1
Odd Oz/ten-m homolog 1 NM_011855 363 144 351 204 2.0
A kinase (PRKA) anchor
protein 10
AK005325 463 278 570 284 2.0
Aortic preferentially
expressed gene 1
NM_007463 680 324 614 322 2.0
Uncharacterized decreased transcripts
AW547688 223 78 185 32 3.7
BB066943 698 196 796 287 3.1
BB125269 812 304 1045 322 3.0
BM203642 191 76 245 81 2.7
BB353607 1394 485 1388 563 2.7
Table 1 (continued)
Description Genbank
accession
no.
Experiment
1
Experiment
2
Fold
KO/
WT
WT KO WT KO
Uncharacterized decreased transcripts
BB220625 210 59 200 106 2.5
BM195829 1394 485 1388 563 2.5
BB525584 370 162 357 142 2.4
BI080487 282 119 329 141 2.4
BB328076 444 165 439 218 2.3
BE948984 279 131 321 1351 2.3
BB283427 203 97 250 103 2.3
BE955100 326 139 300 140 2.3
AK014675 1134 552 941 376 2.2
BB076281 319 165 348 137 2.2
AA940303 217 110 261 108 2.2
BG064153 349 130 365 201 2.2
BB303080 232 116 212 92 2.1
BB174589 424 212 381 177 2.1
AK013740 13,025 6618 13,500 6245 2.1
BM122201 264 132 274 137 2.0
This table and Table 2 show expression data for 48 decreased transcripts and 8
increased transcripts among the 39,000 transcripts represented on the MOE430
2.0 array that met the following criteria: (1) an unambiguous hybridization
signals and a normalized expression level of 200 or more in all the control
samples, (2) a change of expression of at least two-fold with a p value of <0.05.
The fold change is calculated as the ratio of knockout/wild-type expression
and represents the mean of the individual ratios for the two experiments. The
genes indicated by an asterisk represent genes for which there is more than
one probe with its expression level affected in the same way than the result
shown in the table.
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expressed in domains that include both the medial and lateral
ones, extending from the ventricular layer to the surface of the
brain (Figs. 2, 5; and data not shown).
Several studies have shown that neurons of the hypothalamus
are generated in an “outside–in” fashion with neurons born
earlier, occupying a more lateral position in the mantle zone
(Altman and Bayer, 1978; Markakis, 2002). However, the
relationship between the identity of these cells and their me-
diolateral position has not yet been formally studied. We took
advantage of the markers identified in our microarray study to
explore this question by examining their expression at different
stages of development. At E11.0, shortly after the onset of Sim1
expression in the hypothalamus, layers of gene expression can
be observed in the mantle zone (Fig. 3). The expression domains
of Sim1, Rgs4, Sim2, Cart and Cbln1 all extend to the lateral
border of the neural tube but show distinct medial boundaries
(Figs. 3A–C, E–G, H). At least three patterns can be
distinguished: the Sim1 expression domain has the most medial
boundary followed by that of Rgs4, whereas Sim2, Cart and
Cbln1 expression occupies a smaller and more lateral domain.
In contrast, Brn2 expression is detectable in the ventricular zone
and extends into the mantle zone up to the medial boundary of
the Rgs4 domain (Figs. 3I–K, H). In other words, Brn2 and
Rgs4 domains appear complementary. Of note, Trh and Nkx2.2
are not expressed at this stage in the anterior hypothalamus.
At E11.5, a similar pattern of expression can be observed in
the mantle zone of the hypothalamus. At least four lateral
domains, all extending to the surface of the neural tube, can be
Table 2
Increased transcripts in the anterior hypothalamus of E12.5 Sim1−/− mouse
embryos
Description Genbank
accession
no.
Experiment
1
Experiment
2
Fold
KO/
WT
WT KO WT KO
Increased transcripts
NK1 transcription factor
related locus 2 (Sax1)
NM_009123 16 506 8 440 39.3
Fructose biphosphatase 1 NM_019395 14 423 75 323 8.3
Iroquois related homeobox
3 (Irx3)
NM_008393 61 280 128 273 2.9
Polymerase (RNA) II
(DNA directed)
polypeptide K
AA175187 1495 3141 1465 2828 2.0
Fumarylacetoacetate
hydrolase domain
containing 1
BC026949 149 250 97 245 2.0
Uncharacterized increased transcripts
AV381093 42 215 68 199 3.8
BB465134 223 802 293 634 2.8
AK018605 139 321 145 265 2.1
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Cart/Sim2/Trh (Fig. 4). At the anterior level of the Sim1 domain
of expression in E11.5 embryos, Brn2 and Rgs4 expression is
complementary (Figs. 4O, S–U). Posteriorly, there is a decrease
of Brn2 expression in the most lateral aspect of the neural tube,
where Rgs4 is expressed, but the domains of expression of these
two genes show some overlap more medially (Figs. 4K, V, W,
Y). Nkx2.2 is also expressed medially in a domain that appears
complementary to that of Rgs4 (Figs. 4K, X, Z).
At E12.5, the expression of Cart, Cbln1 and Trh in the most
anterior region of the hypothalamus extends more medially than
what is observed at E11.5, the first two markers overlapping
almost entirely with the domain of Rgs4 expression while the
latter one extends more medially than Trh (Figs. 5C–F). As
illustrated in Fig. 5, the markers studied define at least 4 layers
of expression in the mantle zone. Of note, Brn2 and Nkx2.2 are
not expressed in the mantle zone of the anterior AH. Similar
patterns of expression are found posteriorly, with a few
exceptions: (1) Brn2 and Nkx2.2 are expressed in the posterior
AH; their domains are restricted to the medial aspect of the
neural tube, overlapping minimally with Rgs4 (Figs. 5S, T, U);
the Nkx2.2 domain occupies a subset of that of Brn2; (2) Cart is
not expressed in this region of the hypothalamus (Fig. 5H). At
E13.5, the makers studied showed similar patterns of expression
(Figs. 5Y–AC; not shown). Overall, these studies revealed a
dynamic pattern of layered expression during AH development.
Waves of neurogenesis in the developing anterior
hypothalamus
In order to correlate the Sim1 expression pattern with the
“outside–in” pattern of neurogenesis that has been described in
rats, BrdU was administered to E10.5 and E11.5 pregnant wild-
type mice and embryos were collected at E12.5. Staining withBrdU antibody was compared with the distribution of the Sim1
transcript. Incorporation of BrdU at E10.5 resulted in labeling of
cells that were found in a narrow domain in the most lateral
aspect of the mantle layer whereas incorporation at E11.5
generated labeled cells in a more median domain (Figs. 6A–D).
These observations thus confirmed the existence of an
“outside–in” pattern of neurogenesis in the region of the AH
in which Sim1 is expressed.
The Sim1 mutant transcript is detectable in a narrower
domain than that of the wild-type transcript (for example,
compare Figs. 2Q and X). A similar decrease of the Sim1-
expressing domain was correlated with a reduction of BrdU
incorporation in Otp mutant embryos (Acampora et al., 1999;
Wang and Lufkin, 2000). In order to explore the possibility that
loss of Sim1 is associated with the same abnormality, we
compared the patterns of BrdU incorporation in Sim1+/+ and
Sim1−/− embryos. The number of cells labeled at E10.5 or E11.5
was reduced by 30% in Sim1−/− embryos compared to controls
(Figs. 6E–J; P<0.02; n=3 for each genotype and for each
stage). The number of labeled cells in the cortex of Sim1+/+ and
Sim1−/− embryos was not different (data not shown). In order to
determine whether this reduction of cell number is caused by
increased apoptosis, we performed TUNEL assay at E11.0,
E12.0 and E14.5. We did not observe any increase of apoptotic
cells in the AH region of Sim1−/− embryos at these stages (data
not shown). Although we cannot rule out that other forms of cell
death are responsible for the reduction of cell number in
Sim1−/− AH, the decrease of BrdU incorporation may be
explained by reduced cell proliferation. While Sim1 does not
appear to be expressed in the VZ, at least not on the apical side,
cells that have incorporated BrdU after a short pulse of 1 h are
contained within the Sim1 expression domain of E12.5 embryos
(Figs. 6K, L). This observation thus raises the possibility that
Sim1 is not only expressed in the mantle zone but also in a
subset of progenitors located in the basal aspect of the
ventricular zone. Thus, one possible explanation for the
decrease of postmitotic cells in mutant embryos would be that
Sim1 regulates the proliferation of basal progenitors.
Fate of medial and lateral domains of the anterior
hypothalamus in Sim1+/+ and Sim1−/− embryos
In order to determine how the medial and lateral domains of
expression evolve during development, we next performed
marker analysis at later embryonic stages. At E15.5, Sim1, Brn2
and Nkx2.2 are expressed in a domain immediately adjacent to
the third ventricle, which corresponds to the PVN (Figs. 7B–D,
L–N). Along with the knowledge of Brn2 function in the
developing AH, these results strongly suggest that that Sim1,
Brn2 and Nkx2.2 expression in the medial layer of the E12.5
AH defines the prospective PVN domain. Similarly, genes such
as Sim2, Trh, Cbln1 and Rgs4, which expression is restricted to
the lateral AH at early stages, continue to be expressed at later
stages in various domains of the lateral AH (Figs. 7W–Y and
data not shown). Interestingly, gene expression continues to
show dynamic patterns during these later stages. For instance,
although Sim2, Trh, Cbln1 and Rgs4 expression is restricted to
Fig. 2. Validation of microarray results using in situ hybridization. Coronal sections through the AH of E12.5 Sim1+/+ and Sim1−/− embryos were hybridized either
with a Sim1 (A, E, I, M, Q, S, U, X, Z, AB), Rgs4 (B, J), Cbln1 (C, K), Neurod6 (D, L), Lnx4 (F, N), Cart (G, O), Ldb2 (H, P), Unc13C (R, Y), Alcam (T, AA), Irx3
(V, AC) or Sax1 (W, AD) probe. (A–D), (E–H) (Q–R), (S–T) and (U–W) represent different sets of adjacent sections of wild-type embryos, whereas (I–L), (M–P),
(X–Y), (Z–AA) and (AB–AD) represent different sets of adjacent sections of Sim1−/− littermates. The white arrows show the expression domain of Neurod6 and
Ldb2. All of these genes are expressed in domains that are contained within that of Sim1, and their expression is changed in Sim1−/− embryos as predicted by the
microarray analysis.
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becomes detectable in the prospective PVN as early as at E14.5
(Goshu et al., 2004; Figs. 7W–Y).
We have previously reported that the expression of the Sim1
mutant transcript is dramatically decreased in the PVN of E15.5
Sim1−/− embryos, suggesting either that these cells die or
change fate (Michaud et al., 1998). TUNEL analysis did not
reveal increased cell death in the AH region at E14.5 (data not
shown). In order to gain insight into the fate of Sim1 expressing
cells in these mutants, we took advantage of a new mutant allele
of Sim1 (Sim1tlz) that we have recently generated by introducing
a tau-lacZ fusion gene in the first coding exon (Marion et al.,
2005). We hypothesized that the production of lacZ would
allow us to track Sim1 mutant cells for a longer period of time
than the Sim1 transcript. We first compared the expression of
Sim1tlz transcripts in E15.5 Sim1+/+ and Sim1−/− embryos using
probes directed either against lacZ or Sim1 coding sequence.Whereas these two probes detect robust expression of the
Sim1tlz transcript in the AH of Sim1−/− E12.5 embryos, severe
reduction of its expression was found in the PVN and SON at
E15.5 (Figs. 7B, F, L, P, J, T) (Marion et al., 2005). In place, the
Sim1tlz transcript was detectable in a domain located midway
between the third ventricle and the surface of the brain (Figs. 7F,
P, J, T). A similar pattern of expression was observed with an
Otp probe (Figs. 7E, I, O, S). β-galactosidase staining
confirmed the decrease of Sim1 mutant cells in the prospective
PVN/SON and the ectopic accumulation of cells laterally (Figs.
7U, V). Brn2 and Nkx2.2 expression is dramatically decreased
in the AH of E15.5 Sim1 mutant embryos, except in a subset of
cells located in a region corresponding to the lateral aspect of
the prospective PVN (Figs. 7Q, R). Although it is possible that
the PVN differentiation program was initiated in these cells,
they do not appear to undergo terminal differentiation since
Avp, Crh and Ot are never expressed in this region of the AH in
Fig. 3. Lamination of the anterior hypothalamus at E11.0. Coronal sections through the AH of E11.0 Sim1+/+ embryos were hybridized with Rgs4 (A, E, I), Cart (B),
Cbln1 (C), Sim1 (F), Sim2 (G) and Brn2 (J) probes. (A–C), (E–G) and (I–K) represent three sets of adjacent sections. (D) represents a coronal section through the
forebrain; the box corresponds to the region shown in panels A–C, E–G and I–K. As shown in panel K, Brn2 (red signal) and Rgs4 (green signal) occupy
complementary domains. At least four layers of gene expression can be defined as shown in the schematic representation (H). The letter “V” in the scheme represents
the position of the third ventricle.
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observations indicate that Sim1 is required for the correct
positioning of PVN/SON cells.
Discussion
The hypothalamus contains neurons that are critical regula-
tors of several physiological processes such as the homeostatic
control of food intake and blood pressure. Recent studies
indicate that understanding the development of the hypothala-
mus has the potential of shedding light on these physiological
processes (Caqueret et al., 2005a). For instance, subtle
developmental defects affecting the number of hypothalamic
cells, their differentiation or their axonal projections can cause
metabolic and physiological disorders. Moreover, pathways that
control neuronal differentiation, especially at the later stages, can
be maintained in mature cells for the regulation of physiological
effectors, like hormones or neurotransmitters. Finally, neuro-
genesis appears to be required in the adult hypothalamus for the
regulation of energy balance (Kokoeva et al., 2005). An
immediate illustration of these concepts is provided by studies
done on Sim1. Whereas Sim1−/− mice die shortly after birth,
presumably because of the hypothalamic developmental defects,
Sim1+/− mice survive and become obese (Michaud et al., 2001;
Holder et al., 2004). Sim1 haploinsufficiency appears to cause
obesity by disrupting hypothalamic function through a mecha-
nism currently under investigation.
In this study, we used Sim1 as a reference point to dissect the
developmental program of the AH and identified several genes
that act downstream of Sim1 in the embryonic hypothalamus.
Some of these genes are associated with the program of terminal
differentiation. These include Trh, Cart and Cbln1, which code
for small peptides. As shown by these studies, these genesrepresent useful tools for mapping cell types during AH
development. Other genes identified in the screen have the
potential of acting as regulators of developmental processes.
These include Irx3 and Sax1, which code for homeodomain
transcription factors, and Lnx4, which is homologous to a
ubiquitin ligase involved in the regulation of neurogenesis
(Cohen et al., 2000, Schubert and Lumsden, 2005; Katoh and
Katoh, 2004). Interestingly, ectopic expression of Irx3 and
Sax1 affects the development of the ventral thalamus and causes
alterations of early axon scaffold at the midbrain–forebrain
border, respectively, suggesting that their aberrant expression in
the AH has the potential of disrupting its development (Kiecker
and Lumsden, 2004; Schubert and Lumsden, 2005). The genes
identified in our microarray analysis thus represent interesting
targets for further dissection of the Sim1 pathway.
Brn2 has previously been shown to act downstream of Sim1
during AH development. However, our microarray analysis did
not detect any decrease of its expression. While Brn2 is
expressed extensively in the developing AH, its expression is
downregulated only in a subset of this region in E12.5 Sim1−/−
embryo. Thus, our microarray protocol does not appear to be
sensitive enough to detect changes of expression that would
occur only in a subset of the cells that express the gene of
interest. It is noteworthy that another microarray study has
identified downstream genes of Sim1 by overexpressing it in
cultured Neuro-2A cells (Liu et al., 2003). Only one gene,
Ldb2, was found in both studies, indicating that these
microarray strategies are complementary.
Laminar organization of the developing anterior hypothalamus
Classical studies have established that neurons of the
hypothalamus are generated in an “outside–in” fashion, with
Fig. 4. Lamination of the anterior hypothalamus at E11.5. (A) represents a coronal section through the anterior aspect of the AH of E11.5 Sim1+/+ embryos; the box
corresponds to the region shown in panels C–F, L–N and S–U. (B) represents a coronal section through the posterior aspect of the AH of E11.5 Sim1+/+ embryos; the
box corresponds to the region shown in panels G–J, P–R and V–X. Sections were hybridized with Rgs4 (C, G, L, P, S, V), Cart (D, H), Cbln1 (E, I), Trh (F, J), Sim1
(M, Q), Sim2 (N, R), Brn2 (T, W) and Nkx2.2 (X) probes. (C–F), (G–J), (L–N), (P–R), (S–U) and (V–X) represent different sets of adjacent sections. Brn2 (red
signal) and Rgs4 (green signal) occupy complementary domains in the anterior part (U) of the anterior hypothalamus, whereas minimal overlap between Brn2 and
Rgs4 expression pattern is observed in the posterior AH (Y). Nkx2.2 (red signal) and Rgs4 (green signal) expression also defines two complementary domains in
the posterior AH (Z). The expression patterns in the anterior and posterior AH of the markers studied are summarized, respectively, in the schemes shown in panels O
and K. The letter “V” in the schemes represents the position of the third ventricle.
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mantle zone (Altman and Bayer, 1978; Markakis, 2002). We
have found a correlation between these waves of neurogenesis
and the layered expression of markers identified in our screen
and in previous studies. Our study suggests that the developing
AH can be divided into two main domains along the
mediolateral axis of the mantle layer. The medial domain,
identifiable by the co-expression of Sim1 and Brn2 at E12.5,
gives rise to the PVN/SON, whereas the lateral domain, defined
by the expression of Rgs4, gives rise to a heterogeneous
population of neurons. We have observed layers of expression
within this lateral domain. The production of these layers could
involve two processes. First, the expression of some makers,
such as Cart, Cbln1 and Sim2, progresses in an “outside–in”
fashion during development, when compared to the expression
of Rgs4, raising the possibility of a gradient of differentiation,
with later born neurons starting to express these markers later in
development than would early born neurons. Second, at least
some of these layers of expression could reflect the existence of
distinct populations of cells, each committed to a different fate.
For instance, Trh expression defines a group of cells that can be
distinguished from their more medial neighbors. Of note,consistent with the “outside–in” model of neurogenesis,
neurons of the PVN do not complete terminal differentiation
before E13.5–E15.5, whereas neurons of the lateral AH neurons
are terminally differentiated as early as E11.5 as shown by the
expression of Trh (Michaud et al., 1998; Goshu et al., 2004).
It should be underlined that Brn2 and Rgs4 expression
patterns are not always strictly complementary in the develop-
ing AH. For instance, in the posterior AH of E11.5–E13.5
embryos, minimal overlap can be observed between these
domains of expression. Brn2 is expressed in AH progenitors. It
is possible that all newly born AH neurons initially express
Brn2 and that their further differentiation results in its
downregulation as well as the upregulation of Rgs4 expression.
Alternatively, the apparent overlap of these two domains could
reflect some mixing of cells selectively expressing each of the
markers. Finally, at later stages, after the end of the period of
neurogenesis, it is possible that cells located in the medial
domain start to express Rgs4, as suggested by our studies
performed on E13.5 and E15.5 embryos.
In the chick, lineage studies with retroviral markers have
revealed two phases of cell migration in the developing
hypothalamus (Arnold-Aldea and Cepko, 1996). The first
Fig. 5. Lamination of the anterior hypothalamus at E12.5 and E13.5. (A) represents a coronal section through the anterior aspect of the AH of E12.5 Sim1+/+ embryo;
the box corresponds to the region shown in panels C–F and L–N. (B) represents a coronal section through the posterior aspect of the AH of E12.5 Sim1+/+ embryo; the
box corresponds to the region shown in (G–J), (P–R) and (S–W). (X) represents a coronal section through the posterior aspect of the AH of an E13.5 Sim1+/+ embryo;
the box corresponds to the region shown in panels Y–AC. Sections were hybridized with either an Rgs4 (C, G, L, P, S, Y), Cart (D, H), Cbln1 (E, I), Trh (F, J), Sim1
(M, Q), Sim2 (N, R), Brn2 (T, Z) or Nkx2.2 (U, AA) probe. (C–F), (G–J), (L–N), (P–R), (S–W) and (Y–AC) represent different sets of adjacent sections. In the
posterior part of the AH of E12.5 embryos, the Rgs4 domain of expression (green signal) is complementary to that of Brn2 (red signal in (V)) and of Nkx2.2 (red signal
in (W)). At E13.5, minimal overlap between domains of Brn2 and Rgs4 expression can be detected in the posterior AH (AB) whereas Nkx2.2 and Rgs4 expression is
complementary (AC). The expression patterns of the markers studied in the anterior and posterior AH of E12.5 embryos are summarized, respectively, in the schemes
shown in panels O and K.
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radial migration, whereas the second phase, of later onset,
involves tangential cell migration. Our previous study of chick
hypothalamic development has shown the existence, during this
early phase, of two complementary domains in the mantle zone,
a medial domain in which Brn2 is expressed and a lateral
domain recognizable by the expression of Sim2 (Caqueret et al.,
2005b). Later on during development, this simple laminar
organization of the anterior hypothalamus is lost. Similarly, the
laminar expression of the markers studied here is most striking
at E11.0–E11.5 in the early stages of mouse development,whereas, later on, expression domains become more complex in
the AH. Thus, the laminar organization of the early hypotha-
lamus in mouse embryo is most likely associated with the phase
of radial cell migration, with subsequent reorganization of the
populations of cells through tangential migration. This laminar
organization is thus transient and should be distinguished from
the lamination of the cortex, which is permanent. Furthermore,
it should be underlined that our study has focused on a subset of
the AH. Our conclusions do not necessarily apply to the other
regions of the hypothalamus, even though the outside–in model
appears to be a universal feature of hypothalamic development.
Fig. 6. BrdU incorporation in Sim1+/+ and Sim1−/− embryos. (A–H) BrdU was injected in pregnant mice at E10.5 (A, B, E, F) or E11.5 (C, D, G, H), as indicated. Mice
were sacrificed at E12.5. Adjacent coronal sections through the AH of E12.5 Sim1+/+ (A–D) and Sim1−/− (E–H) embryos were hybridized with the Sim1 probe (A, C,
E, G) or stained with a BrdU antibody (B, D, F, H). (I, J) Quantification showed a 30% decrease of BrdU staining in E12.5 Sim1−/− embryos compared to E12.5
Sim1+/+ embryos for both stages of injection (p<0.02; n=3 for each genotype and for each stage). (K, L) BrdU was injected in pregnant mice at E12.5, 1 h
before sacrifice. Cells that have incorporated BrdU are contained within the Sim1 domain of expression.
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hypothalamus
Sim1, Arnt2 and Otp are co-expressed in the anterior
hypothalamus of embryos and have been shown to be required
for the development of the same cell types (Michaud et al.,
1998, 2000, Hosoya et al., 2001, Keith et al., 2001, Acampora et
al., 1999; Wang and Lufkin, 2000). Our analysis indicates that
these three genes are involved in the same processes at the
cellular level. We have found that the number of cells that haveincorporated BrdU between E10.5 and E12.5 is decreased in the
anterior hypothalamus of Sim1−/− embryos. The same abnorm-
ality has been observed in Otp mutant embryos (Acampora et
al., 1999; Wang and Lufkin, 2000). Interestingly, Sim1 and Otp
expression is not detected in the apical aspect of the
neuroepithelium but their domain overlaps with cells located
in the basal side of the neuroepithelium that have incorporated
BrdU after a one-hour pulse (Acampora et al., 1999, Takahashi
et al., 1993; Porteus et al., 1994; Calegari et al., 2005). These
observations thus raise the possibility that Sim1 and Otp are not
Fig. 7. Marker analysis of the anterior hypothalamus at late embryonic stages. (A) represents a coronal section through the anterior aspect of the PVN of E15.5
embryos; the box corresponds to the region shown in (B–E) and (F–J). (K) represents a coronal section through the posterior aspect of the PVN of E15.5 embryos; the
box corresponds to the region shown in (L–O) and (P–T). Adjacent coronal sections of a E15.5 Sim1+/+ embryo (B–E, L–O) are compared to adjacent coronal
sections of a E15.5 Sim1tlz/tlz littermate embryo (F–J, P–T). These sections were hybridized with Sim1 (B, F, L, P), Brn2 (C, G, M, Q), Nkx2.2 (D, H, N, R), Otp (E, I,
O, S) or LacZ (J, T) probes. (U, V) show coronal sections through the PVN of E14.5 Sim1+/tlz (U) or Sim1tlz/tlz (V) embryos that were stained with β-galactosidase.
(W–Y) Coronal sections through the PVN of E18.5 embryos were hybridized with Rgs4 (W), Trh (X) and Cbln1 (Y) probes. The white arrowheads indicate the PVN,
whereas the red arrows indicate the SON. The red arrowheads show domains of expression in the lateral AH. The white arrows indicate persistent expression of Brn2
(Q) and Nkx2.2 (R) in the AH of Sim1−/− embryos.
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ventricular zone.
Recent studies of cortical development have identified two
groups of neuron-generating progenitors. Apical progenitors,
located adjacent to the surface of the ventricle, were found to
divide asymmetrically to generate another neuroepithelial cell
and a neuron, whereas progenitors located in the basal
neuroepithelium divide symmetrically to produce two neurons
(Noctor et al., 2004;Miyata et al., 2004; Haubensak et al., 2004).
Although this process of “secondary neurogenesis” has been
mainly studied in the developing telencephalon, some observa-
tions indicate that it could also occur in other regions of the brain,
albeit possibly on a smaller scale (Haubensak et al., 2004). Thus,
one possibility would be that Sim1 and Otp are expressed in
basal neuron-producing progenitors like those identified in the
developing telencephalon and act to regulate their cell cycle or
their survival. Alternatively, it is possible that proliferation of
progenitors is unaffected in these mutant embryos but that aproportion of neuronal precursors die rapidly after leaving the
cell cycle in the absence of Sim1 or Otp. We did not detect any
increase of apoptosis nor massive necrosis in the developing
hypothalamus of mutant embryos. However, other mechanisms
of death could underlie the disappearance of these cells.
PVN development is characterized by the absence of
important morphogenetic movements; postmitotic neurons that
populate the PVN form a compact domain near the third
ventricle. In contrast, we have found that prospective PVN cells
leave the periventricular region in Sim1−/− embryos and
accumulate ectopically in a domain located midway between
the ventricular lumen and the surface of the brain. Interestingly,
abnormally migrating cells were also described in similar
regions of Arnt2 and Otp mutant embryos (Acampora et al.,
1999; Wang and Lufkin, 2000; Michaud et al., 2000). Therefore,
Sim1, Arnt2 and Otp are not only required for the differentiation
of AH neurons but also for the production or survival of
postmitotic cells and for their correct positioning. SIM1 can
106 A. Caqueret et al. / Developmental Biology 298 (2006) 95–106physically interact with ARNT2, the latter presumably acting as
the dimerizing partner of the former (Michaud et al., 2000). In
contrast, using a yeast two-hybrid assay, we failed to detect any
interaction between SIM1 or ARTN2 and OTP (Yang and
Michaud, unpublished observations). Furthermore, Sim1 and
Otp do not regulate their respective expression (Acampora et al.,
1999). Our results nevertheless suggest that SIM1:ARNT2 and
OTP function along convergent pathways, possibly by forming a
complex through some interaction with other proteins.
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